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EphB/Syndecan-2 Signaling
in Dendritic Spine Morphogenesis
Dendritic spine formation occurs during the late
stages of development after neuronal connectivity has
been established (Fiala et al., 1998). Before the appear-
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ance of mature spines, dendrites exhibit long, thin filo-1The Burnham Institute
podia-like protrusions without a bulbous head. As the10901 North Torrey Pines Road
brain matures, these dendritic filopodia disappear, andLa Jolla, California 92037
spines, which typically have mushroom-like and stubby2Department of Cell Biology
shapes, begin to appear. Primary cultures of rat hippo-University of Alabama at Birmingham
campal neurons provide an excellent system in whichBirmingham, Alabama 35294
the process of spine formation can be studied in vitro
(Papa et al., 1995; Ziv and Smith, 1996; Boyer et al.,
1998). At 1 week in vitro, these neurons possess pre-Summary
dominantly filopodia-like protrusions. Over the next few
weeks, these dendritic filopodia gradually decrease inWe previously reported that the cell surface proteogly-
number and are progressively replaced by protrusionscan syndecan-2 can induce dendritic spine formation
that have mushroom-like and stubby shapes. After 3–4in hippocampal neurons. We demonstrate here that
weeks, the majority of the protrusions exhibit maturethe EphB2 receptor tyrosine kinase phosphorylates
spine morphologies. Our recent work using this systemsyndecan-2 and that this phosphorylation event is cru-
has revealed a role of the cell surface proteoglycancial for syndecan-2 clustering and spine formation.
syndecan-2 in spine formation (Ethell and Yamaguchi,Syndecan-2 is tyrosine phosphorylated and forms a
1999).complex with EphB2 in mouse brain. Dominant-nega-
Syndecan-2 is a member of the syndecan family oftive inhibition of endogenous EphB receptor activities
transmembrane heparan sulfate proteoglycans (Couch-blocks clustering of endogenous syndecan-2 and nor-
man and Woods, 2000; Rapraeger and Ott, 1998). Theremal spine formation in cultured hippocampal neurons.
is increasing evidence that syndecans are involved inThis is the first evidence that Eph receptors play a
transmembrane signaling by interacting with cytoskele-physiological role in dendritic spine morphogenesis.
tal and signaling molecules. The cytoplasmic domain ofOur observations suggest that spine morphogenesis
syndecans can be subdivided into a highly conservedis triggered by the activation of Eph receptors, which
juxtamembrane segment (C1 region), another conservedcauses tyrosine phosphorylation of target molecules,
segment at the C terminus (C2 region), and a variable
such as syndecan-2, in presumptive spines.
segment (V region) located between the C1 and C2 re-
gions. The EFYA (Glu-Phe-Tyr-Ala) sequence at the C
Introduction terminus serves as the binding site for at least four
cytoplasmic proteins, namely syntenin (Grootjans et al.,
Dendritic spines are the principal postsynaptic targets 1997), CASK (Hsueh et al., 1998), synectin (Gao et al.,
for excitatory synapses (Harris, 1999). In recent years, 2000), and synbindin (Ethell et al., 2000). Moreover, the
these small protrusions on the surface of dendrites have cytoplasmic domain contains 4 tyrosine residues that
attracted significant interest because changes in their are conserved among all syndecans. Some of these
morphology are implicated in synaptic plasticity and tyrosine residues are phosphorylated in vitro (Asundi
long-term memory (Andersen, 1999). Dendritic spines and Carey, 1997) and in cells (Rapraeger and Ott, 1998),
undergo morphological changes in a developmentally and tyrosine phosphorylation has been speculated to
regulated and activity-dependent manner. Abnormal play important roles in syndecan-mediated signal trans-
spine morphologies have been reported in several neu- duction (Rapraeger and Ott, 1998).
rodevelopmental disorders including fragile X syndrome Potential functional roles of syndecan-2 in synapses
were first suggested by its interaction with the synaptic(Rudelli et al., 1985; Hinton et al., 1991). The molecular
PDZ domain protein CASK (Hsueh et al., 1998). Ourmechanisms that govern spine morphogenesis are not
studies then revealed that syndecan-2 is clustered atcompletely understood, but several different physiologi-
dendritic spines of mature hippocampal neurons in cul-cal and molecular factors have been shown to affect
ture and that its accumulation occurs concomitant withspine morphology. These factors include synaptic activ-
the morphological maturation of spines (Ethell and Ya-ity and plasticity (Maletic-Savatic et al., 1999; Engert and
maguchi, 1999). More importantly, transfection of syn-Bonhoeffer, 1999), actin filament reorganization (Matus,
decan-2 induces the formation of morphologically ma-1999; Halpain, 2000), calcium dynamics (Segal et al.,
ture dendritic spines in immature (8 days in vitro [DIV])2000; Yuste et al., 2000), and protein phosphorylation
hippocampal neurons. Deletion studies demonstrated(Murphy and Segal, 1997).
that the C1 and V regions of the syndecan-2 cytoplasmic
domain, which contain two potential tyrosine phosphor-
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ylation sites, are required for syndecan-2 clustering on4These authors contributed equally to this work.
dendrites and the induction of mature spines. Based on5Present address: Division of Biomedical Sciences, Imperial College
these data, we hypothesized that tyrosine phosphoryla-of Science, Technology, and Medicine, Sir Alexander Fleming Build-
ing, Exhibition Road, London SW7 2AZ, United Kingdom. tion of syndecan-2 is the crucial upstream event that
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leads to dendritic spine formation (Ethell and Yama- can-2 in cultured hippocampal neurons. Double-immu-
nolabeling of EphB2 and syndecan-2 revealed that bothguchi, 1999). This premise then suggests that tyrosine
kinase(s) present in dendritic spines play a role in spine molecules are distributed primarily as discrete puncta
along dendrites (Figure 1D). The puncta of EphB2 andformation by phosphorylating syndecan-2.
The Eph family is a large family of receptor tyrosine syndecan-2 showed significant colocalization. Second,
we examined if EphB2 physically associates with synde-kinases (Pasquale, 1997; Flanagan and Vanderhaeghen,
1998). Upon stimulation by ephrin ligands, Eph receptors can-2 in hippocampal neurons. By probing syndecan-2
immunoprecipitates with an anti-EphB2 antibody, weactivate signaling cascades in various biological sys-
tems. While Eph receptors have been studied primarily found that EphB2 was coimmunoprecipitated with trans-
fected FLAG-syndecan-2 from cultured hippocampalin the context of axon guidance during development,
there have been suggestions that they may play some neurons (Figure 1A, top panel). Moreover, coimmuno-
precipitation of syndecan-2 and EphB2 was demon-roles in synapses in the adult brain (Hsueh and Sheng,
1998). We speculated that Eph receptors are the kinases strated for the endogenous molecules in adult mouse
synaptosome: EphB2 was immunoprecipitated with anti-involved in the syndecan-2-induced spine formation for
several reasons. First, syndecan-3, another member of syndecan-2 antibody (Figure 1Ca) and syndecan-2 was
immunoprecipitated with anti-EphB2 antibody (Figurethe syndecan family, is tyrosine phosphorylated by re-
combinant EphB1 in vitro (Asundi and Carey, 1997). Sec- 1Cb). Taken together, these experiments demonstrate
that EphB2 and syndecan-2 colocalize and are physi-ond, some Eph receptors interact with syntenin, a syn-
decan-2 binding PDZ domain protein (Torres et al., cally associated in neurons and suggest that EphB2 is
the endogenous tyrosine kinase involved in syndecan-21998). Finally and most importantly, some Eph recep-
tors, including EphB2, are present in dendritic spines phosphorylation.
(Buchert et al., 1999). These observations led us to inves-
tigate the possibility that Eph receptors are involved EphB2 Phosphorylates Syndecan-2 at Y189
in syndecan-2 phosphorylation during dendritic spine and Y201
formation. To investigate the role of EphB2 in syndecan-2 phos-
In this paper, we demonstrate that EphB2 is a crucial phorylation, EphB2-dependent syndecan-2 phosphory-
tyrosine kinase that phosphorylates syndecan-2 during lation was examined by an in vitro kinase assay and an
dendritic spine formation. Furthermore, we demonstrate in vivo assay using transfected 293 cells. In the in vitro
that inhibition of endogenous EphB receptor activities kinase assay, both chick embryo-derived EphB2 and
by dominant-negative EphB2 blocks endogenous syn- the recombinant EphB2 kinase domain phosphorylated
decan-2 clustering and normal spine formation. These a synthetic syndecan-2 cytoplasmic peptide (Figure 2A).
results demonstrate a physiological role for EphB2/syn- In the in vivo assay with 293 cells, which do not express
decan-2 signaling in dendritic spine morphogenesis. Our endogenous EphB2 (E.B.P., unpublished data), tyrosine
findings provide a basis for the role of cell surface ligand- phosphorylation of syndecan-2 was detected when the
receptor interactions in spine morphogenesis and sug- cells were transfected with EphB2 (Figure 2C, second
gest that the signaling cascade leading to the formation lane). A syndecan-2 mutant lacking the C-terminal EFYA
of mature spines is triggered by the activation of Eph tail (syn2EFYA) was also phosphorylated by EphB2
receptors by their extracellular ligands. (Figure 2C, third lane).
We performed MALDI-TOF (matrix-assisted laser de-
Results sorption time-of-flight) mass spectrometry analysis to
identify the tyrosine residues that are phosphorylated
Syndecan-2 Is Tyrosine Phosphorylated in Neurons by EphB2. Using the in vitro phosphorylated peptide,
We first examined whether syndecan-2 is tyrosine phos- we detected phosphorylation of Y189 and Y201, but not
phorylated in neurons. In cultured hippocampal neurons, of Y210 (Figure 2Ba; Table 1). Using full-length synde-
transfected FLAG-syndecan-2 was recognized by PY20 can-2 isolated from 293 cells, we detected a similar
anti-phosphotyrosine antibody (Figure 1A, middle panel). tyrosine phosphorylation pattern: phosphorylation at
Furthermore, we found that syndecan-2 is also tyrosine Y189 and Y201, but not at Y210 (Figure 2Bb; Table 1).
phosphorylated in vivo: endogenous syndecan-2 immu- These results suggest that Y189 and Y201 are the pre-
noprecipitated from mouse brain extracts was recog- dominant phosphorylation sites on syndecan-2. Al-
nized by anti-phosphotyrosine antibody (Figure 1B, up- though phosphorylation of Y210 was not detected in
per panel). These results demonstrate that syndecan-2 either analysis, this result does not rule out Y210 as a
is phosphorylated in neurons by endogenous tyrosine potential phosphorylation site, because not all peptides
kinase(s). are ionized with the same efficiency during the MALDI-
TOF process.
These results demonstrate that syndecan-2 is phos-EphB2 Colocalizes and Forms a Complex with
Syndecan-2 in Hippocampal Neurons phorylated downstream of EphB2. However, phosphor-
ylation assays, especially in vitro assays using syntheticLike syndecan-2, EphB2 has been shown to be concen-
trated in dendritic spines (Buchert et al., 1999). This peptides, may result in nonspecific phosphorylation that
is independent of peptide sequence. Thus, to further de-suggests that EphB2 is a likely candidate as the tyrosine
kinase that phosphorylates syndecan-2 in dendritic fine the specificity of phosphorylation at Y189 and Y201,
we examined the extent of tyrosine phosphorylation ofspines. Thus, we performed two experiments to examine
whether EphB2 is present in the vicinity of syndecan-2. syndecan-2 mutants lacking Y189, Y201, or both (Figure
2D). Syndecan-2 mutants containing a point mutation atFirst, we examined the distribution of EphB2 and synde-
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Figure 1. Syndecan-2 Is Tyrosine Phosphorylated and Associates with EphB2 in Neurons
(A) Tyrosine phosphorylation of syndecan-2 and coimmunoprecipitation with EphB2 in hippocampal neurons. Hippocampal neurons were
transfected with FLAG-syndecan-2 at 1 DIV. At 6 DIV, cell lysates were immunoprecipitated with an anti-FLAG antibody (M2). The immunoprecipi-
tates were treated with nitrous acid (to degrade heparan sulfate chains) and immunoblotted with anti-EphB2 (top panel), anti-phosphotyrosine
(middle panel), and anti-pansyndecan antibodies (bottom panel). IP, immunoprecipitation; IB, immunoblotting.
(B) Tyrosine phosphorylation of endogenous syndecan-2 in vivo. Extracts from P12 mouse brain were immunoprecipitated with an anti-
syndecan-2 monoclonal antibody bound to protein G-agarose (6G12) or protein G-agarose alone (Ctr). Precipitated materials were either
treated with nitrous acid or left untreated and then immunoblotted with PY20 anti-phosphotyrosine antibody (upper panel) or anti-syndecan-2
polyclonal antibody (lower panel). Note that the 34 kDa syndecan-2 core protein (arrowhead) was tyrosine phosphorylated (second lane). The
40 kDa band (arrow), which was detected without nitrous acid treatment, is apparently a phosphorylated protein (not a heparan sulfate
proteoglycan) coimmunoprecipitated with syndecan-2.
(C) Coimmunoprecipitation of syndecan-2 and EphB2 from mouse synaptosome extracts. (a) Immunoprecipitation of EphB2 with anti-syndecan-2
antibody. The CHAPS extract of adult mouse synaptosomes was immunoprecipitated with an anti-syndecan-2 monoclonal antibody (6G12)
or a control monoclonal antibody (M2; Ctr). Precipitated materials were treated with heparitinase and immunoblotted with anti-EphB2 (upper
panel) and anti-syndecan-2 polyclonal antibodies (lower panel). (b) Immunoprecipitation of syndecan-2 with anti-EphB2 antibody. The same
CHAPS extracts described above were immunoprecipitated with anti-EphB2 polyclonal antibody (EphB2) or a control antibody (Ctr). Precipi-
tated materials were treated with heparitinase and immunoblotted with 6G12 anti-syndecan-2 (upper panel) and anti-EphB2 (lower panel)
antibodies.
(D) Colocalization of EphB2 and syndecan-2 in hippocampal neurons. Hippocampal neurons at 21 DIV were double-labeled with anti-EphB2
and anti-syndecan-2 polyclonal antibodies as described in Experimental Procedures.
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Figure 2. Tyrosine Phosphorylation of Syndecan-2 by EphB2 and Phosphorylation-Dependent Association between Syndecan-2 and EphB2
(A) In vitro phosphorylation of the syndecan-2 cytoplasmic domain. A synthetic peptide corresponding to the syndecan-2 cytoplasmic
domain was subjected to an in vitro kinase reaction as described in Experimental Procedures. Enzyme preparations used were: EphB2
immunoprecipitated from chick embryos (lane 1), control immunoprecipitates from chick embryos (lane 2), GST-EphB2 fusion protein (lane
3), and GST fusion protein of truncated EphB2 (lane 4).
(B) MALDI-TOF analysis for syndecan-2 tyrosine phosphorylation sites. (a) Analysis of the in vitro phosphorylated syndecan-2 peptide. The
32-mer synthetic peptide representing the syndecan-2 cytoplasmic domain was phosphorylated by GST-EphB2 kinase domain and analyzed
by MALDI-TOF after cleavage with trypsin. (b) Analysis of syndecan-2 expressed and phosphorylated in 293 cells. The FLAG-syndecan-2
isolated from transfected 293 cells was analyzed by MALDI-TOF as described in Experimental Procedures. Peaks with masses corresponding
to phosphorylated peptide fragments from the syndecan-2 cytoplasmic domain are labeled with their m/z values. The peak marked with an
asterisk is from a background ion detected also in the control samples. See Table 1 for the identity of peaks shown in the spectra.
(C) EphB2-dependent phosphorylation of syndecan-2 in 293 cells. The 293 cells were transfected with FLAG-syn2 alone (first lane) or
cotransfected with FLAG-syn2 and EphB2 (second lane), or FLAG-syn2EFYA and EphB2 (third lane). Expressed FLAG-syndecan-2 was
immunoprecipitated with anti-FLAG antibody, and the immunoprecipitates were immunoblotted with anti-EphB2 (top panel), anti-phosphotyro-
sine (middle panel), and anti-pansyndecan (bottom panel) antibodies.
(D) Phosphorylation and the EphB2-association of syndecan-2 point mutants. The 293 cells were cotransfected with EphB2 and one of the
syndecan-2 point mutants in the combinations indicated in the figure. The cell lysates were immunoprecipitated with anti-syndecan-2 antibody
(6G12) and immunoblotted with anti-EphB2 (top panel), anti-phosphotyrosine (middle panel), and anti-pansyndecan (bottom panel) antibodies.
Note that the mutant lacking both Y189 and Y201 (syn2Y189F/Y201F) was not phosphorylated at all (lane 5 in the middle panel), whereas the single-
site mutants (syn2Y189F and syn2Y201F) were phosphorylated (lanes 3 and 4). Coimmunoprecipitation of EphB2 with syndecan-2 was observed
only when syndecan-2 was phosphorylated (lanes 2–4).
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Table 1. Syndecan-2-Derived Phosphopeptides Identified by MALDI-TOF Analysis
Peptides from the Synthetic Syndecan-2 Cytoplasmic Domain Phosphorylated In Vitro by Recombinant EphB2 Produced in Bacteria
Tyrosine m/zmass Mcalcd %a Phosphopeptide
Tryptic peptides
189 1348.96 1348.54b 0.031 KDEGSYDLGER  1PO4
189 1477.17 1476.64b 0.036 KKDEGSYDLGER  1PO4
189, 201 2310.02 2309.05b 0.042 KDEGSYDLGERKPSSAAYQK  1PO4
189, 201 2438.79 2437.14b 0.068 KKDEGSYDLGERKPSSAAYQK  1PO4
Endoproteinase Glu-C Peptides
189, 201 2463.81 2463.16b 0.027 GSYDLGERKPSSAAYQKAPTKE  1PO4
189, 201 2543.95 2543.12b 0.033 GSYDLGERKPSSAAYQKAPTKE  2PO4
189, 201 2676.10 2673.69c 0.090 EGSYDLGERKPSSAAYQKAPTKE  2PO4
Peptides from Full-Length Syndecan-2 Phosphorylated in 293 Cells by EphB2
Tyrosine m/zmass Mcalcd %a Phosphopeptide
Tryptic peptides
189 1348.70 1348.54b 0.012 KDEGSYDLGER  1PO4
189 1476.86 1476.64b 0.015 KKDEGSYDLGER  1PO4
189, 201 3049.27 3045.86b 0.112 MRKKDEGSYDLGERKPSSAAYQK  5PO4
189, 201 3526.28 3523.32c 0.084 MRKKDEGSYDLGERKPSSAAYQKAPTK  6PO4
a Percent difference between measured mass and calculated mass.
b Monoisotopic mass.
c Average mass.
either Y189 or Y201 (designated as syn2Y189F and syn2Y201F) can-2 with its cytoplasmic ligands is required for the
association with EphB2 (Figure 2C). EphB2 was copre-were still phosphorylated in cells expressing EphB2, albeit
at lower levels than wild-type syndecan-2 (third and fourth cipitated with the syn2EFYA deletion mutant (third lane
in the top panel). This indicates that the association oflanes). In contrast, a syndecan-2 mutant in which the both
Y189 and Y201 were mutated (syn2Y189F/Y201F) was not phos- EphB2 and syndecan-2 does not require the interaction
of syndecan-2 with PDZ domain proteins that bind tophorylated on tyrosine (fifth lane). These results are con-
sistent with the MALDI-TOF results and indicate that the EFYA tail.
Y189 and Y201 are the predominant EphB2 phosphory-
lation sites on syndecan-2. The lack of phosphorylation EphA Receptors Do Not Phosphorylate
or Associate with Syndecan-2of syn2Y189F/Y201F, which still contains intact Y210, suggests
that Y210 is not a prominent phosphorylation target for To investigate the specificity of syndecan-2 phosphory-
lation and association by EphB2, we examined whetherEphB2, although this does not rule out the possibility
that phosphorylation of Y210 occurs dependent on EphA receptors (EphA3 and EphA4) are able to phos-
phorylate syndecan-2 and associate with it. In contrastphosphorylation at Y189 and Y201.
to EphB2, neither EphA3 nor EphA4 could phosphorylate
syndecan-2 (Figure 3Aa). This was not due to the lackThe EphB2-Syndecan-2 Association Is Dependent
on Tyrosine Phosphorylation of Syndecan-2 of kinase activities of transfected receptors; both EphA3
and EphA4 were enzymatically active in 293 cells asTo investigate whether the association of EphB2 and
syndecan-2, which we detected both in transfected hip- shown by their autophosphorylation (Figure 3Ab). More-
over, EphA3 and EphA4 did not coimmunoprecipitatepocampal neurons and in adult mouse brain, is regulated
by tyrosine phosphorylation, we examined coimmuno- with syndecan-2 (Figure 3B). Thus, these results demon-
strate the functional specificity of EphB2 in syndecan-2precipitation of EphB2 and the syndecan-2 point mu-
tants in transfected 293 cells (Figure 2D, top panel). As phosphorylation and association. Finally, we found that
the kinase activity of EphB2 is required for the associationobserved in hippocampal neurons, EphB2 was copre-
cipitated with wild-type syndecan-2 (second lane). of EphB2 with syndecan-2. The kinase-inactive EphB2,
which could not phosphorylate syndecan-2 (Figure 3Aa),EphB2 was also coprecipitated with single-site mutants
(syn2Y189F, syn2Y201F; third and fourth lanes). In contrast, did not coimmunoprecipitate with syndecan-2 (Figure
3B). Taken together with the results from syndecan-2no EphB2 was coprecipitated with the two-site mutant
(syn2Y189F/Y201F; fifth lane). Thus, coprecipitation with point mutants (see Figure 2D), these results indicate that
the association between EphB2 and syndecan-2 requiresEphB2 correlates well with the “phosphorylatability” of
syndecan-2: i.e., the syndecan-2 that cannot be tyrosine- activation of EphB2 and EphB2-dependent tyrosine
phosphorylation of at least one of the two tyrosines,phosphorylated does not coprecipitate with EphB2,
whereas the syndecan-2 that can be phosphorylated Y189 or Y201, in the syndecan-2 cytoplasmic domain.
at least on one of the two phosphorylation sites does
coprecipitate. These results indicate that the associa- Tyrosine Phosphorylation at Y189 and Y201 Is
Required for Syndecan-2 Clustering and Syndecan-tion between EphB2 and syndecan-2 requires tyrosine
phosphorylation of at least one of the two tyrosine resi- 2-Induced Dendritic Spine Formation
To define the biological significance of phosphorylationdues, Y189 or Y201.
We also examined whether the interaction of synde- at Y189 and Y201, we transfected the syndecan-2 tyro-
Neuron
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Figure 3. EphB2 Is Functionally Specific in Phosphorylating Syndecan-2 and Associating with It
(A) Syndecan-2 is phosphorylated by EphB2, but not by EphA3 or EphA4. The 293 cells were cotransfected with FLAG-syndecan-2 and one
of the Eph receptor constructs (EphB2, kiEphB2, EphA3, EphA4, kiEphA4) in the combinations indicated in the figure. (a) FLAG-syndecan-2
was immunoprecipitated from the lysates of transfectants with anti-FLAG antibody and precipitated materials were immunoblotted with anti-
phosphotyrosine (upper panel) and anti-syndecan-2 (lower panel) antibodies. (b) Control experiments showing the activity of transfected Eph
receptors. Lysates of transfectants were immunoprecipitated with antibodies to respective Eph receptors (anti-EphB2, anti-EphA3, anti-EphA4)
and immunoblotted with anti-phosphotyrosine antibody. Expression of kiEphB2 and kiEphA4 was confirmed by probing the immunoprecipitates
with respective antibodies (not shown).
(B) Coimmunoprecipitation with syndecan-2 is specific for enzymatically active EphB2. The 293 cells were cotransfected as described in (A),
and FLAG-syndecan-2 was immunoprecipitated from the lysates with anti-FLAG antibody. Precipitated materials were immunoblotted with a
mixture of anti-EphB2, anti-EphA3, and anti-EphA4 antibodies (top panel), anti-phosphotyrosine antibody (middle panel), and anti-syndecan-2
antibody (bottom panel). Comparable expression of individual receptors was confirmed by immunoblotting of cell lysates with antibodies to
respective receptors (not shown).
sine mutants into hippocampal neurons and examined middle panels). Immunofluorescence staining revealed
that these syndecan-2 mutants formed clusters likehow each mutation affected syndecan-2 clustering and
spine formation. As we reported previously, hippocam- wild-type syndecan-2 (Figures 4B and 4C, right panels).
In contrast, the phosphorylation-deficient two-site mu-pal neurons in culture require approximately 3 weeks
to fully develop mature spines under normal (control) tant (syn2Y189F/Y201F) lacked spine-inducing activity (Figure
4D). Essentially all of the protrusions in neurons trans-conditions. Before 10 DIV, the majority of dendritic pro-
trusions are long, filopodia-like structures. Transfection fected with syn2Y189F/Y201F were filopodia-like. Mushroom-
like and stubby spines were scarcely observed. A quan-of full-length syndecan-2 induced the formation of ma-
ture spines in such immature (8 DIV) neurons (Ethell and titative analysis confirmed the prevalence of immature
protrusions with variable lengths (Figure 4D, middleYamaguchi, 1999). For this analysis, we used a series of
HA-tagged syndecan-2 constructs. Similar to untagged panel). This two-site syndecan-2 mutant also lacked the
ability to cluster; instead it was expressed diffuselysyndecan-2, HA-tagged syndecan-2 formed clusters on
dendrites and induced mature spines (Figure 4A). In along dendritic shafts and protrusions (Figure 4D, right
panel). Thus the spine-inducing activity of syndecan-2contrast, protrusions in neurons transfected only with
a negative control plasmid showed immature, filopodia- appears to correlate with its phosphorylatability on Y189
and Y201: the single-site mutants can be phosphory-like morphology (Figure 4G), as seen in untransfected
neurons at 8 DIV. Quantitative analysis demonstrated lated and have spine-inducing activity, whereas the two-
site mutant, which cannot be phosphorylated, lacks thethat the protrusions in syndecan-2 transfected neurons
are shorter and more homogeneous in length, while the spine-inducing activity. Furthermore, the phosphoryla-
tability also correlates with the clustering ability of theprotrusions in control transfected neurons are highly
variable in length (Figures 4A and 4G, middle panels). syndecan-2 mutants. Taken together with our previous
observations (Ethell and Yamaguchi, 1999), these resultsWe used the same experimental paradigm to examine
the effect of three HA-tagged syndecan-2 mutants suggest that tyrosine phosphorylation at Y189 and Y201
is the crucial upstream event required for syndecan-2(syn2Y189F, syn2Y201F, syn2Y189F/Y201F) on spine formation.
Both single-site mutants (syn2Y189F, syn2Y201F) were capa- clustering and the subsequent induction of mature
spines.ble of inducing morphologically mature spines. The ma-
jority of the protrusions in the neurons transfected with In addition to these tyrosine mutants, we also examined
mutation of S197 and S198, the two serine residues thatthese mutants had stubby or mushroom-like shapes
(Figures 4B and 4C). Quantitatively, these neurons had were previously shown to be phosphorylated in vitro (Oh
et al., 1997). A syndecan-2 mutant with both these serinepredominantly short, homogenous dendritic protru-
sions, as seen in control neurons (Figures 4B and 4C, residues mutagenized to alanine residues (syn2S197A/S198A)
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showed normal clustering and spine formation as seen or irregular shapes along dendrites (Figure 5Af). Taken
together, these results demonstrate that EphB signalingwith wild-type syndecan-2 (data not shown). This sug-
gests that serine phosphorylation does not play a major is functionally required for the physiological spine for-
mation process in cultured hippocampal neurons.role in these processes.
We performed immunocytochemistry to investigate
how the blockade of spine formation by kiEphB2 affectsEphB Receptor Signaling Is Necessary for
the distribution and organization of synapses. In theSyndecan-2 Clustering and Spine Formation
control-transfected neurons, most of the presynapticTo investigate whether EphB receptor signaling is es-
contacts (identified as synaptophysin-immunoreactivesential for syndecan-2 clustering and syndecan-2-
puncta) were formed on spines (Figures 5Da and 5Fa).induced spine formation, we used a kinase-inactive
In the kiEphB2-transfected neurons, the density of syn-EphB2 mutant (kiEphB2; Zisch et al., 2000), which would
aptophysin puncta decreased significantly (21.0  3.2act as a dominant-negative inhibitor for endogenous
[mean  1 SD] puncta per 50 l of dendrite in kiEphB2-EphB receptors. When kiEphB2 was cotransfected with
transfected neurons versus 48.7  6.0 in control-trans-syndecan-2, syndecan-2 clustering was greatly sup-
fected neurons; see also Figure 5G). Interestingly, mostpressed (Figure 4E, right panel). Although some clusters
of the remaining puncta were directly on dendriticwere occasionally observed, the strong inhibitory effect
shafts, rather than filopodia (Figures 5Dc, 5Fb, and 5G).of kiEphB2 indicates that EphB2 (and possibly other
Few synaptophysin puncta were found on the filopodia-kinases of the EphB family) is the predominant tyrosine
like protrusions. Localization of AMPA receptors in post-kinase involved in syndecan-2 phosphorylation and
synaptic sites was also affected by kiEphB2. In the con-clustering in neurons. The low level of syndecan-2 clus-
trol neurons, numerous GluR2-immunoreactive clusterstering observed in the kiEphB2 transfected neurons may
were observed along dendrites, many of which wereeither be due to incomplete inhibition of endogenous
colocalized with spine heads (Figures 5Ea and 5Fc).EphB receptors or to phosphorylation by other tyrosine
In the kiEphB2-transfected neurons, the overall GluR2kinases. Syndecan-2-induced spine formation was also
immunoreactivity was greatly reduced (3.7  1.4 [meaninhibited by kiEphB2. More importantly, dendritic protru-
 1 SD] clusters per 50 l of dendrite in kiEphB2-trans-sions in kiEphB2-transfected neurons were morphologi-
fected neurons versus 40.8  4.4 in control-transfectedcally immature ones similar to those seen in control
neuron). Few GluR2-immunoreactive clusters were de-transfectants (Figure 4E, left and middle panels), despite
tected on either filopodia or dendritic shafts (Figure 5Fd).the expression of cotransfected syndecan-2. Thus, per-
Thus, these results demonstrate that perturbation ofturbation of EphB signaling has inhibitory effects on both
EphB signaling affects not only spine morphology butsyndecan-2 clustering and syndecan-2-induced spine
also the formation or maintenance of synapses onformation. In contrast, a totally different effect was ob-
spines.served in neurons transfected with wild-type EphB2 and
syndecan-2 (Figure 4F). These neurons exhibited short,
bulbous protrusions or membrane blebs, some of which Discussion
appeared to be fused together. Syndecan-2 clusters in
these neurons were larger than those in syndecan-2- The molecular mechanism of dendritic spine morpho-
genesis has been the subject of intensive research be-transfected neurons. Taken together, these results dem-
onstrate that EphB signaling is required for syndecan-2 cause of its suggested role in long-term memory. Eph
receptors and their ephrin ligands were originally identi-clustering and syndecan-2-induced spine formation in
early (8 DIV) hippocampal neurons. fied as molecules involved in axon guidance and have
been studied primarily in developmental contexts (Flan-To further define the physiological significance of
EphB/syndecan-2 signaling in spine formation, we ex- agan and Vanderhaeghen, 1998). Little is known about
the function of Eph receptors in the adult brain, whereamined whether inhibition of endogenous EphB recep-
tor activities in mature 2- to 3-week-old neurons blocks they are expressed at significant levels. Their role in the
postsynaptic specialization, however, was not entirelyendogenous syndecan-2 clustering and spine formation.
Without syndecan-2 transfection, clustering of endoge- unexpected. Several Eph receptors, including EphB2,
have been shown to be concentrated in the postsynapticnous syndecan-2 and normal spine formation occur dur-
ing the second and third weeks in vitro (Ethell and Yama- specialization and interact with various postsynaptic
PDZ proteins (Torres et al., 1998; Buchert et al., 1999).guchi, 1999). Thus we expressed kiEphB2 during this
period and asked whether expression of kiEphB2 inhib- These observations led to the speculation that signaling
through Eph receptors might have significant functionalits endogenous syndecan-2 clustering and spine forma-
tion. As shown in Figure 5, control-transfected neurons roles in synaptic organization (Drescher, 2000; Klein,
2001).showed robust spontaneous spine formation (Figures
5Ad, 5Ba, and 5Ca), similar to nontransfected neurons at This paper provides the first evidence for the func-
tional role of EphB receptors in dendritic spine morpho-the same stage (for example, see Ethell and Yamaguchi,
1999). In contrast, kiEphB2 expression blocked spine genesis. There is increasing evidence that EphB recep-
tors are functionally involved in the formation andformation in 21 DIV neurons (Figures 5Ae, 5Bd, and 5Cb).
Essentially no mature spines were observed in kiEphB2- maturation postsynaptic specializations. Dalva et al.
(2000) demonstrated that EphB receptors directly inter-transfected neurons. Moreover, clustering of endogenous
syndecan-2 was inhibited by expression of kiEphB2 (Fig- act with NMDA receptors through their extracellular do-
mains, a process that does not require EphB kinaseure 5Be). Transfection of wild-type EphB2, on the other
hand, induced numerous membrane blebs of bulbous activity. They also showed that EphB kinase activity is
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Figure 4. Syndecan-2 Clustering and the Syndecan-2-Induced Spine Formation Require Tyrosine Phosphorylation by EphB2
Hippocampal neurons at 1 DIV were cotransfected with GFP and the following constructs: (A) wild-type syndecan-2; (B) syn2Y189F; (C) syn2Y201F;
(D) syn2Y189F/Y201F; (E) wild-type syndecan-2 and kiEphB2; (F) wild-type syndecan-2 and wild-type EphB2. In (G), neurons were transfected only
with GFP. All syndecan-2 constructs were tagged with an HA epitope. At 8 DIV, neurons were stained with anti-HA antibody and analyzed
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important for synapse formation in early (7 DIV) hippo- plex that includes EphB2 and the cytoplasmic proteins
that bind to syndecan-2. Currently, we do not know howcampal neurons in culture. Here, we demonstrate that
EphB receptors are functionally required for spine for- EphB2 associates with syndecan-2. Our result does not
necessarily indicate that EphB2 directly binds synde-mation in cultured hippocampal neurons. These obser-
vations suggest that the function of EphB receptors in can-2: the association may be mediated by another mol-
ecule or due to the formation of a large protein complexpostsynaptic specializations may be multifaceted.
We employed a dominant-negative form of EphB2, involving syndecan-2 multimers.
In postsynaptic sites, syndecan-2 may function as awhich is expected to interfere with the function of not
only endogenous EphB2 but also other EphB receptors molecule that promotes the recruitment of signaling and
scaffold proteins. At least two different classes of mole-with similar ligand specificity, to demonstrate that sig-
naling by EphB receptors plays a critical functional role cules, namely cytoplasmic scaffold proteins and, as
shown in this paper, receptor tyrosine kinases, can as-in spine formation in cultured hippocampal neurons. It
remains to be determined whether EphB receptors are sociate with syndecan-2. An intriguing possibility is that
syndecan-2 plays a role in transmembrane signaling inalso involved in the formation and maintenance of spines
in vivo. Knockout mice lacking some EphB receptors dendritic spines by forming cell surface patches where
signaling and scaffold proteins are enriched. Consider-have been generated (Henkemeyer et al., 1996; Orioli
et al., 1996; Birgbauer et al., 2000), and no structural ing that syndecan-2 is a heparan sulfate proteoglycan,
such a region would look like an isolated “forest” ofabnormalities in postsynaptic structures have been re-
ported. However, this does not necessarily indicate that heparan sulfate chains. Due to their affinity to heparin
binding molecules, such a forest of syndecans couldEphB receptors are not physiologically involved in spine
morphogenesis in vivo. These knockout studies focused attract heparin binding growth factors, some of which
are reported to affect synaptic functions (Hisajima etmainly on the role of EphB receptors on axon guidance,
and no detailed analyses on postsynaptic structures al., 1992; Boxer et al., 1999). Moreover, recent reports
suggest another potential role for syndecan-2 in Ephwere performed. In addition, since multiple members of
EphB receptors are expressed in neurons, several of receptor signaling. Hattori et al. (2000) demonstrated
that axon repulsion by ephrin-Eph signaling is regulatedthem may need to be simultaneously knocked out before
overt defects are observed. by proteolytic cleavage of ephrin by an ADAM family
metalloproteinase, ADAM10. Interestingly, ADAM12, an-Our results suggest that one of the mechanisms by
which EphB receptors regulate spine morphology is other member of the ADAM family, has been shown to
bind the heparan sulfate moiety of syndecan-4 (Iba etthrough phosphorylation of syndecan-2. We hypothe-
sized, based on our previous observations, that phos- al., 2000). Thus, syndecan-2 may interact with ADAM
family metalloproteinases on the surface of neurons,phorylation within the C1 and/or V regions of syndecan-2
is a critical event that leads to syndecan-2 clustering and thereby regulating ephrin-Eph signaling in dendrite
spines.the induction of mature spines (Ethell and Yamaguchi,
1999). The present study supports this hypothesis and, Figure 6 schematizes a putative model for the EphB/
syndecan-2 signaling during spine formation, which isfurthermore, identifies EphB2 as a tyrosine kinase in-
volved in syndecan-2 phosphorylation in dendritic spines. based on our present results and previous reports. First,
an unknown extracellular signal activates EphB2 on den-Importantly, we found an exact correlation between the
clustering/spine-inducing activity of the mutants and drites (Figure 6A). It is likely that this signal involves
B-ephrins, although we currently do not have experi-their phosphorylatability. These results indicate that
phosphorylation at Y189 and Y201 indeed occurs in neu- mental evidence for that. The activated EphB2 phos-
phorylates syndecan-2 at Y189 and Y201 (Figure 6B).rons and is functionally important for spine formation.
While we had predicted that syndecan-2 would be Phosphorylation at these tyrosines induces multimeriza-
tion and clustering of syndecan-2 (Figure 6C). Phosphor-phosphorylated in neurons, it was not anticipated that
EphB2 associates with syndecan-2. This suggests a po- ylated syndecan-2 also acquires the ability to associate
with EphB2, although the mode of this interaction,tential feed-forward signaling mechanism between
EphB2 and syndecan-2. Syndecans have the propensity whether direct or indirect, is not known. Syndecan-2,
which now forms multimeric clusters on the presumptiveto multimerize and form clusters in specific cell surface
membrane microdomains, such as focal adhesions and dendritic spines, recruits cytoplasmic proteins, such as
CASK, syntenin, and synbindin, through the interactionother cell-cell and cell-matrix adhesion sites (Woods
and Couchman, 1994). Moreover, there is evidence indi- with the C-terminal EFYA sequence (Figure 6D). The
recruitment of cytoplasmic proteins that bind to thiscating that tyrosine phosphorylation plays a critical role
in the localization of syndecans in such cell surface motif leads to morphological maturation of spines (Ethell
and Yamaguchi, 1999). The downstream pathways bymicrodomains (Carey et al., 1996; Rapraeger and Ott,
1998). It is thus possible that phosphorylation triggers which these cytoplasmic proteins induce structural
changes of spines remain to be elucidated. Finally, al-multimerization of syndecan-2 on the dendritic surface,
which in turn promotes the formation of a protein com- though entirely speculative at this point, reported molec-
for the morphology of dendritic protrusions (GFP fluorescence; green) and clustering of syndecan-2 (anti-HA immunoreactivity; red). (Left
panels) Merged images of GFP fluorescence and anti-HA immunoreactivity. (Center panels) Quantitative analysis of the lengths of dendritic
protrusions. The number indicated in each chart represents the mean  1 SD of the protrusion length (n  200). (Right panels) Anti-HA
immunoreactivity. Scale bar, 2 m.
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Figure 5. Inhibition of EphB Receptor Activities Blocks Endogenous Syndecan-2 Clustering and Normal Spine Formation in Mature Hippocam-
pal Neurons
In these experiments, hippocampal neurons at 10 DIV were cotransfected with EphB2 constructs (kiEphB2 or wild-type EphB2) and GFP and
examined at 21 DIV. Scale bars, 1 m.
(A) Dominant-negative EphB2 blocks spine formation. Hippocampal neurons were transfected with kiEphB2 and GFP (e), wild-type EphB2
and GFP (f), or GFP alone (d). Morphologies of dendritic protrusions before transfection are shown in a–c. Note that no mature spines are
observed in kiEphB2-transfected neurons (e), whereas control-transfected neurons show robust spine formation (d).
(B) Dominant-negative EphB2 inhibits endogenous syndecan-2 clustering. Hippocampal neurons transfected with kiEphB2 and GFP (d–f) or
GFP alone (a–c) were double-labeled with anti-syndecan-2 (b and e) and with anti-FLAG (c and f) antibodies at 21 DIV (kiEphB2 was tagged
with a FLAG epitope). Note that clustering of endogenous syndecan-2 was inhibited in neurons transfected with kiEphB2 (e).
(C) Quantitative analysis of protrusion lengths in kiEphB2- and control-transfected neurons at 21 DIV. (a) control-transfected neurons. (b)
Neurons transfected with kiEphB2 and GFP. The number indicated in each chart represents the mean  1 SD of the protrusion length (n 
200).
(D) Effect of dominant-negative EphB2 on the distribution of synaptophysin. Hippocampal neurons transfected with kiEphB2 and GFP (c and
d) or GFP alone (a and b) were labeled with anti-synaptophysin antibody. (a and c) Merged images of GFP fluorescence and anti-synaptophysin
immunoreactivity. (b and d) Anti-synaptophysin immunoreactivity.
(E) Effect of dominant-negative EphB2 on the distribution of AMPA receptors. Hippocampal neurons transfected as described in (D) were
labeled with anti-GluR2 antibody. (a and c) Merged images of GFP fluorescence and anti-GluR2 immunoreactivity. (b and d) Anti-GluR2
immunoreactivity.
(F) High-magnification views of the distribution of synaptophysin (a and b) and AMPA receptor (c and d) clusters in kiEphB2- and control-
transfected neurons.
(G) Quantitative analysis of synaptophysin-immunoreactive puncta in the kiEphB2- and control-transfected neurons. The number of puncta
formed on spines and those formed directly on dendritic shafts were counted in 50 m segments of dendrites as described previously (Ethell
and Yamaguchi, 1999). Twenty segments were counted for each of the control- and kiEphB2-transfected cultures.
ular interactions involving EphB2 and syndecan-2 sug- CASK, which may in turn associate with the NMDA re-
ceptor 2B through another PDZ domain protein mLIN-gest that these two molecules, either individually or as
a complex, may serve as an anchor that interacts with 7/Velis (Jo et al., 1999). Moreover, EphB2 can associate
with NMDA receptors through its extracellular domainvarious synaptic molecules (Figure 6E). For instance,
the AMPA receptor binding protein GRIP1 has been (Dalva et al., 2000; not depicted in Figure 6).
We present evidence for a functional role of EphB2/shown to bind EphB2 through its intracellular domain
(Torres et al., 1998), whereas syndecan-2 interacts with syndecan-2 signaling in dendritic spine morphogenesis.
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Figure 6. Model for EphB2/Syndecan-2 Signaling in Dendritic Spine Formation
Upon an initiation signal (which remains to be identified, but presumably involves B-ephrins), EphB2 on dendrites is activated (A). Activated
EphB2 phosphorylates syndecan-2 at Y189 and Y201 (B). Phosphorylation at these tyrosines induces multimerization and clustering of
syndecan-2 (C). Phosphorylation also provides the ability for syndecan-2 to associate with EphB2. Clustered syndecan-2 recruits its cytoplasmic
ligands toward subsynaptic locations (D). The recruitment of these cytoplasmic ligands plays an important role in morphological maturation
of spines (Ethell and Yamaguchi, 1999). Actual downstream signaling pathway that results in structural changes of spines has not been
elucidated. (E) depicts possible molecular interactions involving the EphB2/syndecan-2 complex deduced from previous reports (see Dis-
cussion).
ous HA-tagged syndecan-2 expression constructs and the GFP ex-Our results suggest that EphB2 is a crucial upstream
pression vector pEGFPC1 (Clontech) at 1 DIV as described pre-signaling molecule physiologically relevant to spine
viously (Ethell and Yamaguchi, 1999). To examine the effects ofmorphogenesis. Furthermore, our observations suggest
dominant-negative EphB2 on syndecan-2-induced spine formation
the possibility that spine morphogenesis is triggered (Figures 4E and 4F), neurons were triple-transfected with pEGFPC1,
by an extracellular signal(s) derived from presynaptic intact HA-syndecan-2, and either kiEphB2 or wild-type EphB2. At
8 DIV, cultures were immunostained with rat anti-HA monoclonalneurons. B-ephrins are obvious candidates for such a
antibody (3F10; Roche Molecular Biochemicals) and Alexa 594-con-signal. Elucidation of this issue will provide insight into
jugated anti-rat IgG (Molecular Probes) to determine the clusteringthe role of cell surface receptor-ligand interactions in
of transfected syndecan-2. Morphology of dendritic protrusions wasthe formation and maintenance of postsynaptic special-
visualized by GFP fluorescence and analyzed quantitatively as de-
izations. scribed previously (Ethell and Yamaguchi, 1999). Briefly, the num-
bers of protrusions/spines were counted in the proximal 50 m
Experimental Procedures segments of dendrites. Length of protrusions/spines was deter-
mined by measuring distance between its tip and its base. In each
Expression Vectors experiment, at least 200 spines were counted from more then ten
FLAG-tagged or hemagglutinin (HA)-tagged syndecan-2 expression neurons. To examine the effect of dominant-negative inhibition of
vectors were generated by inserting respective epitope sequences endogenous EphB receptors on normal spine formation (Figure 5),
(FLAG: DYKDDDK; HA: YPYDVPDYA) at the unique SpeI site in the neurons were double-transfected at 10 DIV with pEGFPC1 and either
full-length and EFYA syndecan-2 expression vectors (Ethell and kiEphB2 or wild-type EphB2 and examined at 21 DIV by confocal
Yamaguchi, 1999). Single or double point mutations of tyrosine resi- microscopy. Immunocytochemistry was performed with the follow-
dues were generated by mutagenizing Y189 and/or Y201 into phe- ing antibodies: anti-syndecan-2 polyclonal antibody; anti-FLAG
nylalanine residues by using QuikChange Site-Directed Mutagene- monoclonal antibody (M2); anti-synaptophysin monoclonal antibody
sis kit (Stratagene). Kinase-inactive EphB2 (kiEphB2; which contains (Sigma); and anti-GluR2 monoclonal antibody (Chemicon). Alexa
a K662→R mutation in the ATP binding site; Zisch et al., 2000) was 680-conjugated anti-rabbit IgG and Alexa 594-conjugated anti-
epitope-tagged with a FLAG sequence at the N terminus of the mouse IgG were used as secondary antibodies. DiO staining of
mature protein (between E29 and T30). Kinase-inactive EphA4 (kiE- nontransfected neurons at 10 DIV was performed as described (Eth-
phA4) was created by K653→R mutation. All Eph receptor constructs ell and Yamaguchi, 1999). Numbers of synaptophysin- and GluR2-
(EphB2, EphA3, EphA4, kiEphB2, kiEphA4) were in pcDNA3. immunoreactive puncta/clusters were counted in the proximal 50
m segments of dendrites. Twenty segments were analyzed for
Immunofluorescence each of the kiEphB2- and control-transfected culture.
Cultures of rat hippocampal neurons were prepared from E17 em-
bryos as described previously (Ethell and Yamaguchi, 1999). Rabbit
polyclonal antibody against syndecan-2 was raised against bacteri- Phosphorylation and Coimmunoprecipitation Assays
Hippocampal Neuronsally produced mouse syndecan-2 ectodomain (corresponding to
E19-R143) and purified on an affinity column of the recombinant Hippocampal neurons (5  106 cells/10 cm dish) were transfected
with FLAG-syndecan-2 at 1 DIV. At 6 DIV, cells were lysed in 5 mlprotein. Purified antibodies were biotinylated using sulfo-NHS-bio-
tin. For double labeling of syndecan-2 and EphB2, hippocampal of TBS (10 mM Tris/HCl, 0.15 M NaCl [pH 7.4]) containing 1% Triton
X-100, 1 mM EDTA, 0.5 mM pervanadate, and protease inhibitorneurons at 21 DIV were first stained with rabbit anti-EphB2 (Shao
et al., 1994) and Cy3-labeled anti-rabbit IgG (Fab)1 (Jackson Immu- cocktail (Sigma). The cell lysates were incubated with anti-FLAG
antibody (M2)-agarose (Sigma) for 1 hr at 4C. After washes withnoResearch). After fixation, cells were then stained with biotinylated
anti-syndecan-2 and FITC-labeled Extravidin (Sigma). TBS and with distilled water, immunoprecipitates were treated with
1 mM nitrous acid in 10 mM HCl for 30 min on ice to chemically
eliminate heparan sulfate chains. The beads were eluted with SDS-Spine Morphology
To analyze the effects of syndecan-2 mutants on spine morphology PAGE sample buffer, and the eluted materials were resolved on an
8%–16% gel and immunoblotted with anti-phosphotyrosine (PY20;(Figures 4A–4D), hippocampal neurons were cotransfected with vari-
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Transduction Labs), anti-pansyndecan (gift from Dr. A. Rapraeger; Edward Monosov for his advice on confocal microscopy, Megan
O’Neal for technical assistance, and Douglas Haynes for the prepa-University of Wisconsin), and anti-EphB2 antibodies.
Human 293 Cells ration of artwork. This work was supported by NIH grants HD25938
(to Y.Y. and E.B.P.) and GM50194 (to J.R.C.).Human 293 cells were cotransfected with Eph receptor (EphB2,
kiEphB2, EphA3, EphA4, or kiEphA4) and syndecan-2 (FLAG-syn2,
FLAG-syn2EFYA, syn2Y189F, syn2Y201F, or syn2syn2Y189F/Y201F) con- Received December 6, 2000; revised July 16, 2001.
structs using the calcium phosphate method. One day after transfec-
tion, cells were sonicated in 25 mM Tris/HCl (pH 8.0) containing References
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